The electron-energy-loss spectra of NiO have been calculated by the ab initio full-potential linearized augmented plane-wave method within the LDAϩU approximation and compared with experimental spectra obtained in transmission electron microscopy. The results of standard calculation schemes generally agree with the experimental O K edge of NiO, though the calculated spectrum looks a little contracted along the energy axis in comparison with the experimental one. However, reducing the magnetic moment at Ni atoms by a temperaturelike parameter allows us to obtain a solution which fits very closely to experiment. Possible reasons for the disagreement of standard calculation with experiment are discussed.
I. INTRODUCTION
In recent years substantial progress has been achieved in the development of accurate ab initio approaches to calculate the physical properties and spectral features of various compounds. Conventional band theory with the local-spindensity approximation ͑LSDA͒ to the density-functional theory ͑DFT͒ is known to provide a reliable description of the electronic structure, although in the case of insulating magnetic materials the agreement with experiment is not always sufficient. In particular, the standard calculations fail to describe the electron structure of NiO, which is known to be a wide-gap type-II antiferromagnetic insulator. In order to better describe the electron structure of 3d metal oxides, a LDAϩU scheme has been developed and extensively applied to the study of such highly correlated systems. 1 The energy gap of NiO is underestimated by LSDA calculations while the LDAϩU approach results in a reasonable value. It is even more difficult to accurately simulate the electronenergy-loss spectra ͑EELS͒ and x-ray absorption spectra ͑XAS͒ in this material. The fine structure of the EELS and XAS edges is expected to reflect the density of states in the empty part of the valence band. The dipole selection rule, which is valid for XAS experiments and for EELS ones with small scattering angles or large-energy transfer, restricts the final states to those, whose orbital momentum l is that of the initial state plus or minus one. Our calculations showed that only the p conduction band needs to be considered in the case of the O K edge and the d band in the case of Ni L2,3 edges. In Ref. 2 the shape of EELS O K edge in NiO was attributed to the one-particle profile of the oxygen p band calculated with a full-potential linear muffin-tin orbital implementation of the LDAϩU approach. However, in that work, there was a noticeable disagreement between the density of states of the empty p band and the experimental spectrum. As the LDAϩU approach has been recognized to be adequate for calculating the electron structure of insulating magnetic materials, the question arises what is the reason for the discrepancy between theoretical and experimental EEL spectra of NiO. The present paper presents ab initio calculations of NiO EEL spectra within the LDAϩU approach. The different calculation schemes including the account of spinorbit interaction and effect of the core hole are compared with the high-energy-resolution spectra obtained experimentally. Finally, it is concluded that only calculations with a reduced magnetic moment at Ni atoms in the antiferromagnetic structure reproduce well the experimental energy loss near edge structure ͑ELNES͒.
II. DETAILS OF CALCULATIONS AND EXPERIMENT
The NiO lattice is of the NaCl type ͑cubical O h 5 , the lattice parameter aϭ0.4168 nm) with a rhombohedral distortion below the Néel temperature T N ϭ523 K. Its magnetic structure is characterized by ferromagnetic ͑111͒ planes stacked antiferromagnetically in the ͓111͔ direction. In the ͑111͒ planes the magnetic moments are aligned along the 112 directions. 3 The unit cell contains two atoms of Ni with oppositely directed magnetic moments ͑Ni I and Ni II͒ and two identical oxygen atoms. The experimental data on the gap width and magnetic moment are shown in Table I and taken from Refs. 4 and 5.
The calculations presented in this paper have been con- ducted for the rhombohedral cell with a full-potential linearized augmented plane-wave ͑FLAPW͒ method in the WIEN2K package 6 using the LDAϩU approach with the ''around the mean-field'' method ͑AMF͒ 7 or self-interaction correction method ͑SIC͒. 8 In the FLAPW method wave functions, charge density, and potential are expanded in spherical harmonics within nonoverlapping atomic spheres of radius R MT and in plane waves in the remaining space of the unit cell ͑interstitial region͒. The basis set is split into core and valence parts. For oxygen, 1s level, and for Ni, 1s,2s,2p, and 3s levels are considered as core levels. The core states are treated with the spherical part of the potential and are assumed to have a spherically symmetric charge density totally confined inside the muffin-tin spheres. Sphere radii R MT ϭ2.0 and 1.75 a.u. were set for Ni and O, respectively. The expansion of the valence wave functions inside the atomic spheres was confined to l max ϭ10 and they were treated within a potential expanded into spherical harmonics. We used an APWϩlo-basis 9 with additional local orbital LO for the Ni 3p states. The linearization energy for this LO was set at the center of the Ni 3p band. The wave functions in the interstitial region were expanded in plane waves with a cutoff K max determined by a relation R MT K max ϭ7. The charge density was Fourier expanded up to G max ϭ20. A mesh of 116 special k points was taken in the irreducible wedge of the Brillouin zone. Literature values Uϭ0.59 Ry and J ϭ0.07 Ry were used for the values of the Slater integrals if another value is not indicated.
The experimental EEL spectra were obtained on powder specimens prepared from 99.999% NiO supplied by Aldrich Chemical Company. The size of individual particles varied from 80 to 150 nm. All experiments were performed on a Philips FEG CM30 ultratwin microscope with an external GIF200 detector operating at 300 kV. The extractor voltage of the FEG was reduced from its nominal value to improve the energy resolution, which was about 0.8 eV in the present experiments. The energy-loss spectra were collected in image mode with the aperture in the objective lens plane providing a collection angle of 14 mrad. The details of the experimental technique can be found elsewhere. 10 It has been shown that the deconvolution from plural scattering hardly affects the ELNES, while it reduces the signal-to-noise ratio. For this, undeconvoluted spectra are used in this work. The background was subtracted from the experimental spectra using the common exponential extrapolation.
III. RESULTS
The WIEN2K calculation yields an antiferromagnetic solution with the magnetic moment of Ni atoms equal to 1.68 B and an energy gap as seen in Fig. 1 ͑zero energy corresponds to the Fermi level͒. The partial densities of spin-up states at all nonequivalent atoms are shown here. As the local magnetic moment at oxygen is equal to zero, the spin-down electrons at oxygen have the same density of states. In the case of the Ni atoms, the densities of up states of Ni I and Ni II are equal to those of down states of Ni II and Ni I, respectively. The band gap separating filled and empty states is 3.2 eV.
The experimental O K edge spectrum along with the calculated ones broadened by a spectrometer resolution and natural linewidths are shown in Fig. 2 . As ab initio calculations cannot accurately predict the absolute position of the edges, all spectra are aligned to the first peak. These calculations reveal that the contribution of nondipole transitions is minor and the spectrum is dominantly formed by the p states. This is supported by a similarity between the shape of the EELS O K and 1s XAS edges. quent peak positions are proportionally underestimated so that the calculation looks contracted along the energy axis relative to the experimental profiles. The tuning of various calculation parameters does not noticeably affect these results. For instance, the basis wave functions by default are constructed with linearization energies placed in the middle of the valence band. This describes accurately the occupied part of the band but results in linearization errors well above the Fermi energy. In order to improve the description of the unoccupied states, local orbitals with additional linearization energies were inserted when possible. However, a variation of these energies does not change the spectrum in the examined energy region. Treatment of the Ni 3s level as a valence state does not affect the spectrum ͑a consideration of the Ni 3p level as a core state changes the shape of the spectra, that is, a relative intensity of peaks, and the spectrum becomes even more contracted͒. The LDAϩU scheme in the AMF approximation 7 has two parameters that are chosen in such a way that the magnetic moment and the width of the energy gap coincide with the experimental values. Calculations with different values of the U and J integrals were conducted. The magnitudes of the energy gap and spin moment are shown in Table I . However, all spectra obtained with these approximations are not closer to the experimental one. Also, the calculations were conducted in a SIC approximation of the LDAϩ U scheme, 8 again with the same result. Another potential factor affecting the outcome of the calculations is a spin-orbit ͑SO͒ coupling. According to Ref. 13 the orbital magnetic moment in NiO is unquenched and the orbital-to-spin angular momentum ratio reaches 1/3. So, a spin-orbit interaction could strongly affect the electron structure of NiO and we have conducted a SO calculation in the LDAϩU scheme resulting in the orbital and spin magnetic moments 0.31 B and 1.77 B , respectively. However, accounting for this SO interaction still does not improve the agreement with experiment as seen from Fig. 2 .
It has been pointed out that the one-electron description of EELS and XAS spectra in many cases fails because the hole remaining at the core orbital causes the redistribution of the final states available for the transition. The effect of the core hole was accounted for through the calculation of a Slater transition state. It has been demonstrated 14 that the binding energy of an inner level can approximately be reproduced by the calculation of the state with half a core hole at this inner shell. At the same time, the approximation of half a core hole state can drastically change the calculated ELNES profiles, sometimes yielding a better fit with experimental data. 15 The calculation with account of the half core hole in the 1s level may be conducted in two ways: the excess charge of the electron removed from the core level can homogeneously be smeared over the entire space or be put into the empty orbitals in the valence band. Both variants give similar results but still do not improve the agreement with the present experiment ͑Fig. 2͒, i.e., the distances between the peaks remain smaller than those in the experiment.
To ensure the accurate account of the core hole effect we have conducted also a supercell calculation. The conventional calculation with a single unit cell implies that the core hole is placed at every oxygen atom. In the supercell of 2 ϫ2ϫ2, only one of 16 oxygen atoms contains a core hole, so that any interaction between neighboring core holes is excluded. In the case of NiO, as seen from Fig. 2 , the single cell calculation practically coincides with the supercell one revealing that the former is sufficiently accurate. Another argument in favor of the accuracy of the single cell calculation is the fact that the partial density of states of the oxygen closest to the atom with a hole does not differ from that calculated without the core hole effect, indicating that holes in two adjacent cells are not affected by one another. A similar result was obtained for metallic Cu in Ref. 15 although the same authors admit that for other materials the supercell calculation could be necessary.
So, these different approximations and calculation schemes do not give an improvement of the agreement with the experimental spectrum. The general shape of the spectrum is described rather well, but the distances between peaks are continually underestimated. An account of the lifetime broadening commonly used in such calculations may change only the ratio of peaks but does not change the distance between peaks. We do not connect these shifts with the effect of linearization used in WIEN2K, as they are very often present in calculations by not linearized methods and, besides, there is no dependence on the linearization energy.
Alternatively, we have found that the value of the magnetic moment at Ni atoms drastically affects the mutual position of the ELNES peaks. The procedure of forcing a selfconsistent solution with a desirable moment for a ferromagnetic substance is known as a fixed-spin-moment calculation 6 and consists of constraining the total spin magnetic moment per unit cell to a fixed value through different Fermi energies for the electron states with spin up and down. For the antiferromagnetic case such a procedure is not possible as the total spin magnetic moment per unit cell is equal to zero. In Ref. 16 some model calculations were used to lower magnetic moments of surface atoms, while in Ref. 17 the tuning of magnetic moments was conducted by variation of the lattice parameter. To lower the magnetic moments of Ni atoms, we used a temperaturelike parameter that can be applied in the calculation scheme. 6 When integrating over the Brillouin zone, the Fermi energy is calculated with a temperature broadening of each eigenvalue using a Fermi function. This way, the Stoner excitations are taken into account resulting in a reduction of the magnetic moments at Ni atoms. Figure 4 shows the dependence of the Ni magnetic moment on this temperaturelike parameter. It should be noted that the term ''temperaturelike'' used here is not related with a real temperature and is an artificial approach allowing one to obtain a self-consistent solution with smaller magnetic moments in an antiferromagnetic system. This procedure may be considered as an account of Stoner excitations that efficiently reduces the magnetic moment at high temperature similar to the reduction and further disappearance of the magnetic moment with increasing thermal energy ͑ne-glecting the spin-wave excitations significantly increases the temperature of the magnetic transition up to 0.1 Ry in our case͒. The magnetic moment calculated as a function of the temperaturelike parameter is shown in Fig. 4 and corresponding EEL spectra with account of the core hole effect are given in Fig. 5 . The nonmagnetic solution shown also in Fig. 5 was obtained with a non-spin-polarized calculation and appears to be a smooth continuation in the row of the spectra with increasing temperature. It yields a spectrum with overestimated peak positions as compared to the experimental ones. The energy gap is absent here, as it decreases with temperature and entirely vanishes in the nonmagnetic solution.
The change of the spectrum fine structure with decreasing magnetic moment can be explained as follows. To reduce the magnetic moment, the empty Ni d states with spin down ͑which appear at 3.5-4.5 eV in the standard calculations shown in Fig. 3͒ move to the Fermi energy, down to the bottom of the unoccupied sp band whose beginning is hardly seen at 2.2-2.3 eV in Fig. 3 . The E(k) plot shows that the sp band almost does not change, while the flat d band crossing it moves down. This results in the movement of the first peak in the O K spectrum formed by hybridization of oxygen p states with the Ni d states. The rest part of the unoccupied band also shifts down to the Fermi energy but to a lesser extent: these peaks are associated with the common sp band of oxygen and nickel ͑O p states hybridizing with Ni s states at 7-9 eV and O p states hybridizing with Ni s and Ni p states at 10-12 eV, see Fig. 3͒ , they are less affected by Hubbard correlations in the 3d shell and their relative movement is connected with the temperature increase of the Fermi level only. So, they shift down slower than the first peak bound to the Ni d states. As a net result, the distance between peaks increases with decreasing magnetic moment.
IV. DISCUSSION
The good agreement between calculations with reduced magnetic moment and experiment suggests that the band structure of NiO particles is similar to that of a substance with the magnetic moment expected at high temperatures where the moments experience thermal disordering. In principle, the Néel temperature, which is expected to be 523 K, can be decreased in a surface region subjected to the electron probing. In this case, a noticeable temperature dependence of the magnetic moment is expected and therefore a change of the electron band structure may be detected. However, additional tests with the specimens cooled in the microscope column down to 90 K did not reveal any clear difference in the ELNES at room temperature. Heating under the beam due to nonperfect thermal conductivity inside the microscope is not expected to result in a sharp enough increase of temperature to cancel the induced cooling. Indeed, estimations accounting for the particle size and actual high tension value suggest that the temperature rise under the electron beam should not exceed 50 K. Thus, it should be concluded that the EELS edges of NiO particles do not show a measurable temperature dependence, i.e., at least in the region from 140 to 300 K. A similar conclusion was made in Ref. 18 , where the low-loss part of NiO EEL spectra was examined at room and the Néel temperatures. exist, the temperature dependence of the magnetic moment can be detected only by macroscopic methods such as measurements of magnetic susceptibilities 19 or by the detection of magnetic superstructure reflections in low-energy electron diffraction and neutron scattering. 20 Spectroscopy methods like EELS or XAS essentially probe the magnetic interaction between the nearest atoms within a small time interval yielding a picture of the local magnetic ordering. Moreover, the characteristic time of interaction between an atom and an incident fast electron is about 10 Ϫ18 s, which is much smaller than a characteristic time of the magnetic moment rotation (10 Ϫ13 s), so the electron feels the magnetic structure of an atomic cluster in snap shot even if the overall long-range-order magnetic structure is subjected to temperature disordering.
As the reduced magnetic moment provides the best fit with the experiment independent of temperature, we should reject the idea of an actual temperature reduction of the magnetic moment as a reason for the discrepancies between the experiment and the LDAϩU approximation. Instead, it should be suggested that there are other factors affecting the electron structure in the same way as the effective reduction of the magnetic moment. Moreover, XAS, which ͑in contrast to EELS͒ typically deals with bulk samples, yields O K edge profiles close to the present EEL spectra, 2, 11, 12, 21 we cannot connect the shifts with surface effects.
Until now we considered a case when the reduced moment causes the lowering of Ni d states and keeping the sp band relatively high in energy; while an alternative might be to retain the Ni d states at the same energy thus ensuring a high magnetic moment at Ni and to raise the position of the sp band. One possible explanation could be connected with a reported 12 relationship between the first-neighbor O-O distance and the positions of the characteristic peaks in the O K spectra of the oxides of 3d metals. According to Ref. 12 a change in the O-O distance causes shifts of the second and further peaks in spectra, i.e., may act similar to the fictive reduction of the magnetic moment. In this view, the present observations could thus indicate a distorted O-O distance in NiO with respect to the ideal NaCl lattice. As estimated from the plot in Fig. 3 of Ref. 12, small distortions of about 0.005 nm are sufficient to shift the sp band to the desired energy position.
Another probable reason for the difference between experimental and calculated energy scaling could be the limitation of DFT as a ground-state theory. As known, 22 an account of the excited-state dynamic exchange-correlation potential, or the self-energy, instead of the ground-state static exchange-correlation potential used in the DFT might change the energy scale in spectra. In order to clearly see a possible influence of the self-energy account, we have conducted a self-consistent calculation of nonmagnetic NiO with Fm3m symmetry by the FEFF8.20 code. 23, 24 The calculations have been performed using the full multiple scattering within a cluster including 93 atoms. In one case, the self-energy was not accounted, which is a ground-state calculation, and, in another case, the self-energy was implemented after Hedin and Lundqvist. 25 As seen from Fig. 6 , the implementation of the Hedin-Lundqvist self-energy indeed causes a rescaling of the energy axis, however, the effect cannot account for the observed discrepancy between experiment and calculations of O K spectra in NiO. Only going beyond the HedinLundqvist approximation might probably improve the situation. An example of a more consistent approach is given in Ref. 26 , but such calculations are still rather exceptional and their effectiveness in calculation of ELNES or XANES spectra is not checked yet by practice of usage.
V. SUMMARY
The standard calculations within the LDAϩU approximation reproduce the key features of the experimental profile of the O K EELS edge in NiO, although the distances among peaks are underestimated. Tuning the calculation parameters and the account of spin-orbit interaction or a core hole effect do not improve the agreement with experiment. Only a calculation of an antiferromagnetic state with reduced magnetic moments at Ni atoms yields a spectrum very close to the experimental one. To force a self-consistent solution with a reduced magnetic moment we have used a fictitious temperature parameter. The physical meaning of this parameter, however, is not well justified as it is not related with a real temperature but rather causes the temperaturelike reduction of magnetic moments through increased Stoner excitations in NiO, with a corresponding change in the electron structure. The analysis of the electron structure shows that the discrepancy comes from the fact that the calculated unoccupied band, which is connected with the common sp band of nickel and oxygen, is too low in energy relatively to the unoccupied d band of Ni. So, we may conclude that still two possible explanations retain: either the O-O distances in NiO are different from those of the crystallographic positions, or the calculational scheme LDAϩU fails to reproduce the correct position of the sp band of nickel and oxygen and it should be modified in such a way which shifts the unoccupied sp band to higher energies. FIG. 6 . O K edge of NiO calculated with and without account of the self-energy in the Hedin-Lundqvist approximation ͑in order to see better the difference between the spectra, they were not broadened for instrumental resolution͒.
